The objective of this study was to determine whether bovine mononuclear leukocytes exhibit genetic variability prior to and after a glucocorticoid hormone challenge in vivo. Test animals included 60 pedigreed Holstein bulls treated on 3 consecutive days with dexamethasone and 5 untreated control bulls. Eight indicator traits of leukocyte responsiveness to dexamethasone included the percentages of circulating B cells, T cells (CD4, CD8, and workshop cluster 1 molecule expressed by bovine γδ T cell), major histocompatibility complex (MHC) I and II expressing cells, and mean expressions of surface MHC I and MHC II on circulating cells. Blood for this work was collected from each test bull 10 times before, during, and after dexamethasone administration, with corresponding samples taken for control bulls. Random regression models with treatment-specific serial correlation were applied to the leukocyte data sets to estimate genetic and nongenetic sources of variation in baseline and recovery aspects of the traits. All traits responded predictably to glucocorticoid challenge. Genetic variation was observed in baseline measurements of all traits, with heritability estimates ranging from 0.21 ± 0.03 to 0.60 ± 0.06. Genetic variation in linear recovery from nadir values following dexamethasone administration was significant only for percentage CD4, percentage CD8, and for surface expression of MHC II. The genetic covariance between basal and linear recovery was positive and significant for percentage CD4, percentage CD8, and MHC II expression. The bovine lymphocyte antigen DRB3.2 locus accounted for significant proportions of total variation in percentage MHC II cells and MHC I expression. These results suggest that genetic variability exists for important basal and glucocorticoid-modified phenotypes of bovine mono- Abbreviation key: APC = antigen presenting cell, BoLA = bovine lymphocyte antigen, MHC = major histocompatibility complex, PE = phycoerythrin, WC1 = workshop cluster 1 molecule expressed by bovine γδ T cell.
INTRODUCTION
Phenotypes of bovine leukocytes are influenced by the blood environment, including circulating concentrations of steroid hormones (Burton and Erskine, 2003; Eicher and Burton, 2004) . In particular, the stress steroids (glucocorticoids) have well-documented effects on trafficking patterns of blood B cells, γδ T cells, and neutrophils (Oldham and Howard, 1992; Burton and Kehrli, 1996; Anderson et al., 1999) and profoundly affect the expression of neutrophil CD62L and CD18 adhesion molecules (Cronstein et al., 1992; Weber et al., 2001 Weber et al., , 2004 . Glucocorticoids also affect mononuclear leukocyte expression of major histocompatibility complex (MHC) class I and II molecules (Burton and Kehrli, 1996) , the ability of mononuclear leukocytes to produce and express proinflammatory cytokines, cytokine receptors, and antibodies (Nonneche et al., 1997; Yu et al., 1997; Anderson et al., 1999) , and the performance of neutrophils and mononuclear leukocytes in response to chemoattractants, mitogens, and antigens in vitro (Roth and Kaeberle, 1982; Roth et al., 1984; Oldham and Howard, 1992) . These changes in leukocyte functions have been associated with both heightened expression of infectious diseases and reduced local inflammation in glucocorticoid-treated cattle (Lohuis et al., 1988; Wesley et al., 1989; Chiang et al., 1990; .
Similar to glucocorticoid-treated cattle, parturient cows also exhibit depressed local inflammatory re-sponses and heightened risk for opportunistic infectious diseases, especially mastitis (Kehrli and Harp, 2001; Burton and Erskine, 2003) . There is good indication that parturition-induced alterations in the phenotypes of bovine leukocytes is under genetic control, as heritabilities of many in vitro functional traits of these white blood cells range from moderate to high (Detilleux et al., 1994; Kelm et al., 1997) . Glucocorticoids are an important part of the parturient blood environment (Preisler et al., 2000; Weber et al., 2001) , and leukocytes from male and female dairy cattle express cytoplasmic receptors for this family of steroids and respond to the hormones with similar gene expression and phenotypic changes in vivo and in vitro (Weber et al., 2001; Madsen et al., 2004; Weber et al., 2004 ). In the current study, we hypothesized that responsiveness of bovine mononuclear leukocytes to glucocorticoid challenge in vivo would exhibit genetic variation, as we recently showed was the case for bovine neutrophils (Tempelman et al., 2002) . In that study, longitudinal heritability estimates ranged from 0.10 to 0.54 for neutrophil expression of the CD18 adhesion molecule and from 0.11 to 0.24 for an associated trait, blood neutrophil count.
In the current study, we wanted to know whether additional glucocorticoid-sensitive traits related to proportions of various circulating mononuclear leukocytes and their surface expression of MHC class I and II antigens exhibit genetic variability in dairy cattle. Given the availability of accurate pedigree information for dairy sires vs. dams and the relative ease in performing controlled longitudinal studies in a bull stud vs. on dairy farms, we elected to test our hypothesis using a group of 60 registered AI bulls (the test bulls). Leukocytes from a small group of control bulls were also sampled so we could monitor daily variation in the laboratory assays performed. We recorded information for 8 mononuclear leukocyte traits shown in our previous studies to respond to glucocorticoid challenge (Burton and Kehrli, 1996; Nonnecke et al., 1997) and applied random regression models with treatment (glucocorticoid)-specific serial correlation to infer upon genetic variation in the longitudinal data sets collected (Tempelman et al., 2002) .
MATERIALS AND METHODS

Test Population
Sixty-five young (mean BW ± SD = 406.57 ± 70.07) registered Holstein AI bulls (21st Century Genetics CRI, Shawano, WI) were used in this study. Sixty of these bulls were selected to receive glucocorticoid treatments (test bulls; see subsequently). The remaining 5 bulls were not treated with glucocorticoid; leukocytes from these animals were used simply to monitor daily Journal of Dairy Science Vol. 87, No. 11, 2004 variation in the phenotyping assays performed. To ensure genetic diversity in the 60 test bulls, animals were genotyped at the bovine lymphocyte antigen (BoLA) DRB3.2 locus (i.e., MHC II locus) by PCR-RFLP method described in Dietz et al. (1997) . Pedigree information available on these bulls included sire and maternal grandsire identifications.
Glucocorticoid Challenge and Blood Collections
The synthetic glucocorticoid dexamethasone (Azium; Schering Corp., Kenilworth, NJ) was injected intramuscularly into the 60 test bulls at a dose of 0.04 mg/kg of BW every 24 h for 3 consecutive d (on study d 0, 1, and 2). This dose of dexamethasone was previously shown to impact numbers of circulating T and B lymphocytes, expression of surface MHC molecules, and production of interferon-γ and antibodies by mitogen-and antigenstimulated mononuclear leukocytes (Burton and Kehrli, 1996; Nonnecke et al., 1997) . Blood (250 mL/bull per sample time) was collected 10 times per bull by jugular puncture into acid citrate dextrose, on d −5, −4, −3, 2, 3, 4, 5, 9, 10, and 11 relative to the first hormone injection (on d 0) and was shipped via overnight express mail to the USDA laboratory in Iowa for processing and leukocyte phenotyping (within 24 h of collection).
Because of practical considerations related to blood sampling, shipping, and laboratory processing, groups of 12 test bulls were brought into the trial at any one time. Thus, there were 5 study rounds with 12 test bulls per round. Two control bulls were available for use in all 5 rounds. However, we sought to have a total of 4 control bulls per round. Thus, 2 additional control bulls were added at each round according to their availability at the AI stud. In total, 5 individual control bulls were used in this 18-mo study. Blood was sampled from the 4 control bulls of each round every time the 12 test bulls were sampled, for leukocyte phenotyping. Leukocyte phenotype data from d 5 of one round were not collected because corresponding blood samples did not arrive at the laboratory within 24 h of collection at the bull stud. Data from these samples were treated as missing observations in the statistical analyses.
Mononuclear Leukocyte Phenotyping
Mononuclear leukocytes for phenotyping were enriched from whole blood using Percoll density gradient centrifugation according to the methods of Kehrli et al. (1989) . Cells were washed twice in PBS and seeded at 5 × 10 5 cells/well (100 µL total volume) into 96-well, round bottom microtiter plates for subsequent immunostaining to monitor percentages of CD4 T cells, CD8 T cells, workshop cluster 1 molecule expressed by bovine Kehrli, 1995, 1996) . Leukocyte immunostaining was done using a 2-antibody system, exactly as described in Burton and Kehrli (1996) . The primary monoclonal antibodies used to label specific cells are listed in Immunostained mononuclear cells were first viewed in forward-side scatter density dot plots to determine purity (always >98%) based on characteristic size and granularity parameters of the cells (Burton and Kehrli, 1996) . The PE fluorescence of the various immunostained cell samples was then determined from FL-2 (PE) fluorescence histogram plots. Data from 5000 events (cells) were acquired for each sample. Regions of background fluorescence were identified and marked based on histogram plots for the irrelevant isotype controls (>98% of all events counted from these samples), and events to the right of this marker were considered the cells that stained positive for the marker (phenotype) of interest. Once established, the marker separating background and positive fluorescence was not altered for the duration of the study, so detection of even subtle effects of dexamethasone on the mononuclear leukocyte traits was possible.
Statistical Model and Analysis
The statistical methods used in this study were similar to those we used previously to study genetic variation in blood neutrophil traits (Tempelman et al., 2002) . All data sets were checked for normality of distributions prior to statistical analyses. Accordingly, percentage data were square root-and inverse sine-transformed, and mean fluorescence intensity data were logarithmically transformed to stabilize variances and minimize skewness.
The statistical model used to analyze the transformed data sets was almost identical to that shown in Tempelman et al. (2002) , except that it also included the random effect of BoLA (DRB3.2) locus:
where y ijklm is the response for traits of the lth bull having BoLA genotype m = [m 1 m 2 ] within the ith treatment group on the jth day within the kth round; µ is the overall mean; trt i is the fixed effect of the ith treatment group (i = 1 for control; i = 2 for test); day j is the fixed classification effect of the jth study day (j = 1, 2, ...,10); round k is the fixed effect of the kth study round (k = 1, 2, ..., 5); (trt day) ij is the interaction between the ith treatment group and the jth day; (trt round) ik is the interaction between the ith treatment and the kth round; (day round) jk is the interaction between the jth day and the kth round; (trt day round) ijk is the 3-way interaction between the ith treatment, the jth day, and the kth round; β is the regression coefficient on bull weight x l expressed as deviation from the mean bull weight x; u l is the random genetic baseline effect of the lth bull; b l is the random genetic deviation for linear recovery to basal levels in test bulls postdexamethasone administration; bola m 1 and bola m 2 are the random effects of the 2 alleles/haplotypes m 1 and m 2 at the BoLA locus; p ijkl is the random common environmental effect for the lth bull in the ith treatment group on the jth day within the kth round; and e ijkl is the temporary environmental effect (and/or measurement error) pertaining to the observation on the lth bull in the ith treatment group on the jth day within the kth round.
Here, (11 − day) + i=2 is simply a reparameterized day covariate for test bulls after dexamethasone administration. More specifically, (11 − day j ) + i=2 = (11 − day j ) if day j > 0, and (11 − day j ) 0, 0, 9, 8, 7, 6 , 2, 1, and 0 for day j = −5, −4, −3, 2, 3, 4, 5, 9, 10, and 11, respectively, for test bulls (i = 2). In contrast, (11 − day j ) + i=1 = 0 for all days j = 1, 2, ...,10, for control bulls (i = 1) (i.e., genetic variation in linear recovery to basal levels can only be modeled for test bulls). This particular covariate reparameterization was used because of its numerical stability for variance component estimation. Because dexamethasone was anticipated to change phenotypes in both up and down directions (Burton and Kehrli, 1996) , b l was used to model the genetic merit of the lth bull in its linear rate of recovery to baseline values from first dexamethasone administration (d 0) up until d 11. It should be noted that the genetic variability in trait changes from pre to postdexamethasone time points is of potential interest, but that practical issues related to sample collections at the bull stud precluded our ability to collect enough sampling points to adequately characterize this variability. It should also be noted that we attempted to model genetic variation in the quadratic rate to postdexamethasone recovery (as in Tempelman et al., 2002) but that REML nonconvergence problems and convergence to zero estimates invariably occurred.
Allelic effects at the BoLA locus were modeled as normally, independently, and identically distributed random additive effects with haplotypic variance component σ 2 bola common to both alleles within each bull such that the combined variance due to the BoLA locus was 2σ 2 bola . Treating allelic effects as random is advisable (Van Arendonk et al., 1999) , particularly when there are many alleles, some with relatively low frequencies, as occurred in our data set (see Table 2 ). The distributional assumptions about the genetic effects were as follows:
where u = [u 1 , u 2 , ..., u 65 ]′ is the vector of random genetic baseline effects,
]′ is the vector of postdexamethasone-influenced random genetic deviations in linear rate to recovery, and ⊗ denotes the Kronecker or direct product (Searle, 1982) . Here, A is the numerator relationship matrix between bulls based on 2 generations of male ancestry information (Henderson, 1976) on each bull; that is its sire, maternal grandsire, and paternal grandsire. The genetic variance-covariance matrix G includes the basal genetic variance σ 2 u , the genetic variance in linear rate of recovery postdexamethasone σ 2 b , and the genetic covariance σ ub between the 2 genetic effects, i.e.
Common environmental effects were used to model random nongenetic effects peculiar to each bull within round and were modeled separately for control and test bulls. The common environmental variance σ 2 p o was specified as being homogeneous across all days within the control group. Conversely, common environmental variances σ 2 p j , j = 1, 2, ...,10, were specified as being heterogeneous across days within test bulls with the exception that the common environmental variances were constrained to be of the same value for the 3 d (d −5, −4, and −3) prior to dexamethasone administration; i.e., σ
, as there was no plausible reason to estimate separate variances for each day prior to dexamethasone administration. Two different common environmental correlation structures across days were investigated separately for control and for test bulls. First, a power correlation structure was specified for test bulls with the common environmental correlation between any 2 d being modeled as power of the number of days between them, i.e., corr (p ijkl ,p ij′kl ) = ρ (day j − day j′ ) for any j ≠ j′ where ρ is an autocorrelation parameter. Second, a uniform correlation structure across days was modeled, i.e., corr(p ijkl ,p ij′kl ) = ρ for any j ≠ j′.
The residual (i.e., temporary environment or measurement error) terms e ijkl were assumed to be normally and independently distributed for all records; however, variances were modeled separately for each of the following 3 situations: 1) data on all control bulls and on test bulls prior to dexamethasone administration with common residual variance σ Variance components were estimated by REML using ASREML (Gilmour et al., 2001) . Then, inference on treatment effects was based on treating the estimated variance components as if they were known. The average information REML algorithm (Gilmour et al., 1995) is implemented in ASREML such that asymptotic standard errors were readily computed for each variance component based on the average information matrix.
Likelihood ratio tests were used to assess the significance of sources of genetic variation using the necessary modifications for variance components as demonstrated by Stram and Lee (1994) . Day-specific LSM ± 1 SE were computed for test and control bulls and back-transformed under ASREML to the scale of observation for presentation in Figures 1 to 3 .
Heritability Estimation
Heritability is defined as the proportion of the phenotypic variation that can be attributed to genetic variation. Because of the potential impact of dexamethasone on phenotypic variability and its relative partitioning into genetic and environmental components, heritabilities were modeled as heterogeneous over days within each study round, except for d −5, −4, and −3 (i.e., prior to dexamethasone administration). Given that the control bulls are numbered l = 1, 2, ..., 5, we write the genetic merit for the lth test bull on the jth day as g jl = where t = 1 for d −5, −4, and −3; t = 2 for d 2, 3, 4, and 5; and t = 3 for d 9, 10, and 11, allowing for residual (temporary environmental or measurement error) variances that are heterogeneous across the 3 different clusters of days as previously described. Furthermore, σ bola , σ ; i.e., the latter thereby being expressed on a predexamethasone (i.e., d −5, −4, and −3) basis. Heritability standard errors were determined using the delta method for the variance of a ratio (Mood et al., 1974) , given the asymptotic standard errors for the REML variance component estimates as implemented in ASREML.
RESULTS
Effects of Dexamethasone on Mean Responses
Day-specific back-transformed means (LSM ± SEM) for the 8 mononuclear leukocyte traits monitored in this study are presented in Figures 1 to 3 . It is noteworthy that minimal assay variation occurred from study day to study day, as shown by the relatively flat lines for control bulls in these figures. On the other hand, lines for test bulls showed significant effects (P ≤ 0.05) of dexamethasone on most traits studied. For example, dexamethasone had subtle and variable effects on percentage CD4 T cells (Figure 1a ) and percentage CD8 T cells (Figure 1b) , these traits being slightly decreased on sample d 2 and modestly increased by sample d 11 relative to pretreatment values. More strikingly, dexamethasone caused an approximate 72% reduction in percengate WC1 + γδ T cells, which made up approximately 23% of all mononuclear leukocytes prior to treatment, reached a nadir of approximately 7% of all cells on study d 2, and did not return to pretreatment levels even by d 11 (Figure 1c) . Dexamethasone also influenced percentage B cells, causing a slight decrease in these cells on d 2 followed by a rebound increase after treatment termination on study d 4 and 5 (Figure 2a ). There was no detectable effect of dexamethasone on percentage MHC I + cells, which showed little variation at all from study day to study day (ranging from roughly 97 to 99% across days; Figure 2b ). However, dexamethasone did cause a reduction in surface expression of MHC I, which was most notable on study d 2 and returned to pretreatment levels by study d 4 (Figure 3a) . Unlike percentage MHC I + cells, the percentage MHC II cells was profoundly affected by dexamethasone administration, increasing from a mean of approximately 28% before treatment to a plateau of roughly 45 to 50% across all days post treatment (Figure 2c ). Major histocompatibility complex II expression followed a reverse pattern that was similar to that for MHC I expression, dropping to nadir values by study d 2 and recovering to pretreatment levels by study d 5 (Figure 3b) . Thus, dexamethasone induced the same phenotypic changes in circulating mononuclear leukocytes of the current group of 60 test bulls as they did in cattle of previous studies (Burton and Kehrli, 1996; Nonnecke et al., 1997) .
Variance Component Estimates
Inferences on variance components were based on the best fitting common environment variance-covariance structure (i.e., for serial correlation across days within bulls and rounds). As in Tempelman et al. (2002) , the homogeneous variance compound symmetry correlation structure for repeated measures within control bulls and the heterogeneous variance power correlation structure for repeated measures within test bulls provided the best fitting models for all traits studied based on Schwarz's Bayesian Criterion (Schwarz, 1978) .
The PCR-RFLP-determined BoLA alleles influenced only percentage MHC II cells (P < 0.05) and MHC I expression (P < 0.0001). In this regard, the BoLA allelic contribution to phenotypic (total) variation was 10.22
Journal of Dairy Science Vol. 87, No. 11, 2004 ± 8.8% for percentage MHC II cells and 46.5 ± 14.3% for MHC I expression. Evidence for significant (P < 0.05) genetic variation existed for baseline values of all traits except percentage MHC I + cells (P ≥ 0.1) (Table 3) . Also, there was evidence of significant (P < 0.02) genetic variation in linear recovery following dexamethasone administration for percentage CD4 T cells, percentage CD8 T cells, and MHC II expression (Table 3) . Therefore, these 3 traits possessed additive genetic variation that was influenced by glucocorticoid challenge. Furthermore, genetic correlations between basal values and linear recovery for percentage CD4 T cells, percentage CD8 T cells, and MHC II expression were significant (P < 0.04) and positive, ranging from 0.70 to 0.96 (Table  3) . Because of the parameterization used for days in modeling linear recovery, these correlations actually indicate that lower trait values at nadir (e.g., 2 d postdexamethasone) were genetically associated with greater increases in linear recovery.
Heritability Estimates
Longitudinal heritability estimates for baseline and linear recovery aspects of the mononuclear leukocyte traits studied are presented in Table 4 . These results demonstrate that all baseline traits were moderately to highly heritable, with daily predexamethasone estimates ranging from 0.21 ± 0.03 to 0.60 ± 0.06. Following dexamethasone administration, heritability estimates for percentage WC1 + γδ T cells and percentage MHC I + cells increased from predexamethasone to postdexamethasone time points to reach highs between study d 2 and 3 (Table 4 ). In contrast, administration of the glucocorticoid momentarily reduced heritabilities on d 2 for percentage CD4 T cells, percentage CD8 T cells, and MHC II expression compared with values estimated at baseline, before recovering to baseline values again between d 3 and 11 (Table 4) . However, these apparent shifts in heritability estimates between pre and postdexamethasone days often showed inverse relationships with residual variances across corresponding sample times, suggesting that these shifts might have been artifacts of high or low residual variances post dexamethasone treatment rather than steroid-related changes in heritability. Regardless, the longitudinal heritability estimates presented in Table 4 showed that virtually all of the mononuclear leukocyte traits measured in this study possessed significant genetic variation before and during recovery from glucocorticoid-induced phenotypic changes.
DISCUSSION
The objective of this study was to determine whether bovine mononuclear leukocytes exhibit genetic variabil- A novel finding of this study was that the traits studied all exhibited at least some degree of genetic variation (Tables 3 and 4 ). This fact may be important for the following reasons. Mononuclear leukocytes serve as important APC by using their MHC I and II molecules to present peptide antigens to antigen-specific CD8 cytotoxic T cells and CD4 helper T cells during induction phases of cell mediated, inflammatory, and humoral immune responses against pathogenic microorganisms. In light of this, it was noteworthy that BoLA DRB3.2 (i.e., MHC II) alleles contributed significantly to total variation in percentage MHC II + cells and MHC I expression. It was curious that BoLA alleles did not influence variation in MHC II expression itself. However, as suggested by the plots in Figures 2c and 3b , it is possible that variations in level of MHC II expression per APC are counteracted by corresponding changes in circulating numbers of MHC II-bearing cells, which was influenced by BoLA. If true, these findings suggest 2 things: 1) that animals might have a genetic predisposition to recover the critical MHC I and II antigen-presenting systems following stress-induced increases in blood glucocorticoid concentrations and 2) that additional genetic variation may be determined by polymorphism at the MHC II locus (BoLA DRB3.2). It was thus encouraging that genetic variation for recovery of MHC II expression, percentage CD4 T cells, and percentage CD8 T cells was significant, and that the traits genetically correlated with each other (Table 3) , because this suggests that recovery of adaptive immunocompetence following stress (i.e., glucocorticoid challenge) may be exploited by genetic selection.
A second novel finding of this study was that baseline (i.e., predexamethasone) levels of all traits exhibited significant genetic variation with moderate to high daily heritability estimates (Tables 3 and 4 ). All traits studied are potentially important indicators of the basal immunocompetence status of animals (Burton and Erskine, 2003) . Therefore, the current study indicates that it may be possible to genetically select dairy bulls for improved basal levels of circulating mononuclear leukocyte subsets and MHC I and II expression on APC, provided that new knowledge is gained on what constitutes a "superior" vs. "inferior" immunocompetence profile. In future studies, it would seem particularly relevant to examine such variation in the context of disease challenges with agriculturally relevant pathogens, eiJournal of Dairy Science Vol. 87, No. 11, 2004 ther in the test bulls themselves or in their daughters. Peripartum mastitis would seem to be a good model for disease testing in daughters of the bulls, because parturition is associated with high blood glucocorticoid concentrations and mastitis susceptibility (Burton and Erskine, 2003) and because heritable phenotypic changes occur in blood leukocytes at parturition (Detilleux et al., 1994) that are similar to those observed in the current study. Finally, given the potential for genetic improvement in baseline and recovery aspects of immunocompetence in glucocorticoid-challenged bulls inferred from this study, a much larger group of AI sires should also be studied in the future. Such a study would both substantiate our results and help determine whether a bull's genetic merit for baseline and/or recovery of immunocompetence following glucocorticoid challenge is predictive of his daughters' health status and milk somatic cell score tests in the field.
CONCLUSIONS
Results of this study support a hypothesis that baseline phenotypes of circulating mononuclear leukocytes are influenced by genetic variation and that MHC II alleles contribute additional genetic variation to levels of circulating MHC II-bearing cells and to MHC I expression on blood leukocytes. Thus, it is reasonable to expect that the mononuclear leukocyte traits studied can be improved by genetic selection. However, it remains to be shown which of the traits studied in this work may be appropriate candidates for genetic selection, including which direction of genetic change would improve general immunocompetence and resistance to specific pathogens in animals stressed by the environment or parturition.
